During the 1960's physiological scientific data about swimming started to accumulate regularly. One of the landmarks in this area of knowledge were those of Holmér's [14] .
least economical strokes, the Backstroke and the Freestyle being the most economical ones.
More recently, Troup [35] observed that the Breaststroke was less economical than the Butterfly, for a range of swimming velocities. The researcher explained this finding by the higher velocities chosen for his study, when compared with the previously published ones. In fact, Karpovich and Millman [15] verified the same occurrence. At velocities higher than 2.5 feets · s -1 , the "side stroke" variant at Breaststroke presented a higher cost than the Butterfly.
Since the study of Holmér [14] three decades have passed. In this period of time, major changes in the training procedures and in the swimming strokes have occurred. Obviously, this cannot be disconnected from the evolution of research regarding swimming.
Several studies have only analyzed the aerobic contribution to the swimming economy [9, 14, 27, 37] . Presently, however, the analysis of the energy expenditure should also allow understanding the role of the anaerobic contribution [6, 7, 12, 33] . In fact, the perceptual contribution of the anaerobic system to the overall energy expenditure must not be disregarded.
Most studies about cardiorespiratory profiles in swimming have used Douglas bags or mixing chamber gas analyzers [9, 14, 20, 42] . The recent development of improved instrumentation and technology in breath-by-breath (BxB) analysis has resulted in new approaches to study cardiorespiratory variables. Several studies verified that these equipments recorded with acceptable accuracy, reliability and validity oxygen consumption and other metabolic parameters, in different exercise conditions [13, 17, 21, 24] . The last version of miniaturized metabolic carts has been developed for BxB gas analysis, allowing direct measurement of cardiorespiratory parameters during free swimming in an easier way. Moreover, this apparatus allows the characterization of oxygen uptake kinetics in a more feasible and detailed manner, during direct measurement. Nevertheless, there is a lack of studies around this topic, using BxB technology, in swimming.
The purpose of this study was to compare the total energy expenditure of the four competitive swimming strokes in high-level swimmers of both genders.
Material and Methods

Subjects
Twenty-six swimmers (8 females and 18 males) of international level volunteered to serve as subjects. Five swimmers were evaluated performing Breaststroke (including one female swimmer), 4 swimmers performing Butterfly (including one female swimmer), 5 swimmers performing Backstroke and 12 swimmers performing Freestyle (including 6 female swimmer). The percent of body fat measured using a bio-impedance (Tanita, TBF 305, Tokyo, Japan) for Breaststroke swimmers was 10.8 ± 6.3 %, for Butterfly 9.3 ± 3.8 %, for Backstroke 6.8 ± 2.4 % and for Freestyle 11.9 ± 7.6 %. Comparing the mean body fat of the swimmers, according to swimming technique and gender, there was no significant difference.
Design
The subjects were submitted to an incremental set of 200-m swims. The velocities and increments were chosen in agreement with swimmers so that they would make their best performance on the 7th trial. The starting velocity was set at a speed, which represented a low training pace, approximately 0.3 m · s -1 below the swimmer's best performance. The last trial should represent the swimmers best performance, in competitive context, at that time. After each successive 200-m swim, the velocity was increased by 0.05 m · s -1 until exhaustion and/or until the swimmer could not swim at the predetermined pace. The resting period between swims was 30 s to collect blood samples. Under-water pace-maker lights (GBK-Pacer, GBK Electronics, Aveiro, Portugal), on the bottom of the 25-m pool, were used to control the swimming speed and to help the swimmers keep an even pace along each step.
Data collection
The swimmers breathed through a respiratory snorkel and valve system [17, 29] connected to a telemetric portable gas analyzer (K4b 2 , Cosmed, Rome, Italy). Cardio-respiratory and gas ex- The total energy expenditure (Ė tot ) was calculated using the V O 2 net (difference between the value measured in the end of the stage and the rest value) and the blood lactate net (difference between the value measured in two consecutive stages), transformed into V O 2 equivalents using a 2.7 mlO 2 · kg -1 · mmol -1 constant [12, 33] .
Individual regression equations were computed between the Ė tot and the V, for all the swimmers. , using the individual regression equations computed. These velocities were selected from the range of velocities swum during the incremental protocol and are similar to the ones previously used by Troup [35] . The maximal swimming velocity achieved in Freestyle was 1.57 m · s .
Statistical procedures
Individual regression equations, describing the relation between the Ė tot and the velocity, were computed as well as its coefficients of determination and correlation. The analysis of variance (Anova 1 factor) was used to detect statistically significant differences between the bioenergetical parameters of the swimming strokes for a given velocity (Ė tot × swimming technique) with Fisher's PLSD as post-hoc test. The level of statistical significance was set at p ≤ 0.05.
Results
Fig. 2 presents the overall energy expenditure profile of the four swimming techniques. For all of the selected velocities, the Freestyle was the most economical one (lowest Ė tot at all velocities), followed by the Backstroke, the Butterfly and the Breaststroke. In this way it was observed that the alternated techniques (Freestyle and Backstroke) were more economical then the simultaneous ones (Butterfly and Breaststroke). , the Ė tot was significantly higher in Breaststroke (p < 0.01) and in Butterfly (p = 0.02) than in Freestyle.
Discussion
The purpose of this study was to compare the total energy expenditure of the four competitive swimming strokes. The main finding of the study was that for all the selected velocities, the Freestyle was the most economical stroke, followed by the Backstroke, the Butterfly and the Breaststroke.
From the 26 swimmers evaluated, 8 were female swimmers. It is reported that swimming economy is influenced by the swimmer's gender. Female swimmers are more economical than male swimmers [26] . Those differences are related to anthropometrical characteristics, such as body density and hydrodynamic torque [26] . Female swimmers can adopt a better horizontal body alignment and are affected by a lower hydrodynamic torque [44, 45] . In the present investigation, both females and males were included in the group of subjects. However, the comparisons were made between the strokes and the trends between the strokes were similar in both genders. Thus, the present data was not affected by gender differences. In Freestyle, six female swimmers were studied. In this part of the data, the large number of female swimmers could underestimate the Ė tot in Freestyle. However, comparing the Ė tot in Freestyle according to gender, there were no significant differences in any swimming velocity selected. For example, at the velocity of 1.6 m · s -1 , the mean Ė tot for males swimmers was 70.9 ± 7.4 ml · kg -1 · min -1 and 71.8 ± 9.8 ml · kg -1 · min -1 for female swimmers.
Moreover, comparing the mean body fat of the swimmers, according to swimming technique and gender, there was no significant difference. Therefore, the comparison of the Ė tot of the individual strokes seems not to be significantly influenced by gender.
There are some studies in the literature concerned with the economy of the competitive swimming techniques [9, 14, 27, 37, 42, 43] . However, the role of the anaerobic system to the total energy expenditure is not always taken in account. The few exceptions are the investigations developed by Rodriguez [28] , Vilas-Boas and Santos [40] or Vilas-Boas [41] . The relative contribution of this bioenergetical system to the overall energy expenditure should not be disregarded [6, 7, 12, 33] . For example, Troup [35] , in a 200-m swim, observed a contribution of approximately 35 % of the anaerobic system in Freestyle, 30 % in Backstroke, 39 % in Butterfly and 37 % in Breaststroke. Nevertheless, well-trained swimmers use a greater percentage of energy from the aerobic source [36] . Therefore, the study of the energy expenditure based exclusively on the oxygen consumption might both underestimate the values and reduce the validity and utility of the measurements.
Most studies about cardiorespiratory parameters in swimming used Douglas bags or mixing chamber gas analyses [9, 14, 20, 42] . However, BxB analysis provides new insights into this field [17] . The feasibility of this system to measure the oxygen uptake of incremental free swimming has been proved [29] to offer a convenient tool to explore cardiorespiratory adaptations during swimming in a more detailed manner [17, 29] .
For all selected velocities, the Breaststroke and the Butterfly strokes were the swimming techniques with higher Ė tot . These results are in agreement with data from other authors [14, 20, 27] who observed an obvious distinction between the alternated and the simultaneous techniques. This might be related with the higher variation of the swimmer's impulse along the stroke cycle in both techniques [4, 38, 39] . The high amplitude of the swimmer's impulse is explained by the extreme intracyclic variations of the swimming velocity [5, 19, 23, 30, 34, 41] . This phenomenon promotes high peaks of accelerations and/or high peaks of deceleration. In the Butterfly stroke, great intracyclic variations of the impulse are due to a greater reduction of this variable during the arm recovery [4] . In Breaststroke, great intracyclic variations are due to a great and positive peak during the leg spreading and a negative peak during the leg's recovery [38, 39] . Higher intracyclic variations of the impulse, such as the ones described above, induce an additional mechanical work done by the swimmers and, consequently, higher energy expenditure [25] .
Holmér [14] presented a higher V O 2 , for a given velocity, for Butterfly stroke than for the Breaststroke. Karpovich and Millman [15] observed the same fact up to velocities of 2.5 feets · s -1
. At higher velocities, the Butterfly was more economical than the Breaststroke. Troup [35] confirmed that the Breaststroke was the least economical technique. The data from the present study also revealed higher Ė tot for the Breaststroke than for the Butterfly stroke for all selected velocities. The lower values observed by Holmér [14] in Butterfly, than in Breaststroke, might be related to the lower range of velocities studied. Whenever these two strokes were evaluated at higher velocities, Breaststroke was the less economical. Probably, and even though the energy expenditure changes with the change in swimming velocity due to the increasing drag, the Breaststroke is the most affected [18] . As the velocities increase, the breaststrokers have less possibility to reduce the drag, especially during the non-propulsive phase of the leg's action. At low velocities, swimmers can have higher durations of the legs actions, expending less energy [32] . But at higher velocities the swimmer pushes both legs forward through the water more quickly [10] leading to significant increases of the speed fluctuation [22] and therefore in the energy cost [41] .
The Freestyle was the most economic competitive technique, followed by the Backstroke, at all selected velocities. This is in agreement with several studies [14, 15, 20, 27, 35] . These strokes are characterized by the lower intracyclic variations of the swimming velocity [3, 8, 16] . Consequently, one other important biomechanical repercussion is the low value of the swimmer's impulses during the stroke cycle to overcome inertial forces, in comparison to Breaststroke or to Butterfly stroke. Interestingly, in Backstroke, Alves [1] verified that the impulse in the final downsweep differed significantly between a more economical and a less economical group of swimmers and correlated significantly with the best time in a 100-m event.
The values of Ė tot in swimming seem to be a consequence of the specific mechanical limitations of each swimming stroke. In other words, probably the Ė tot profile of each swimming technique is related to its biomechanical characteristics [11, 19, 25, 31, 42, 43] . Nevertheless, few studies focused on the relationship between swimming economy and swimming mechanics, as in the cases of Alves et al. [2] , Vilas-Boas [41] or Wakayoshi et al. [42, 43] .
One major question may be posed: Are there any differences in the swimming economy between modern measurements and those over the past decades? Are the swimmers from the 2000's more economical that the swimmers evaluated by Holmér [14] in the 1970's? First of all, it is important to emphasize that the evaluation procedures used by Holmér [14] and in the present study are quite different. Holmér used Douglas bags and a flume; in the present study BxB apparatus was used in a real swimming pool and with an under water pace maker. Secondly, the parameters evaluated were not the same. Holmér [14] measured the absolute V O 2 ; in the present study the parameter evaluated being the Ė tot . Nevertheless, a comparison between the absolute V O 2 reported by Holmér [14] and the absolute Ė tot from the present investigation was made, at the swimming velocity of 1.0 m · s -1 . This swimming velocity was chosen because it is the only common velocity selected by Holmér [14] and the present study, for all strokes. It was verified for all strokes that the swimming economy was higher in the present data as compared to those in the 1970's. For Freestyle, the swimming economy increased 45.9 %, for Backstroke 27.0 %, for Breaststroke 18.0 % and for Butterfly 46.7 %. Freestyle, Backstroke and Butterfly presented a high increase between these two data. In comparison to these swimming techniques, Breaststroke was the one with true low-est increase. The low increase can be related to the strong restrictions imposed in the rules of this swimming technique, in what concerns to its biomechanical evolution. Even though this comparison was between two very different samples of data, the results show that differences may exist even between generations of swimmers, not only between measurement techniques. As a conclusion, Ė tot of well-trained competitive swimmers was measured over a large range of velocities utilising a new BxB technique. Freestyle was shown to be the most economic among the competitive swimming strokes, followed by the Backstroke, the Butterfly and the Breaststroke.
